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Estrogen effects on the renal handling of calcium in the
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Estrogen effects on the renal handling of calcium in the ovariectomized
perfused rat. Estrogen deficiency is a major cause of hone loss in women
but the mechanism is unclear. The ovariectomized (OVX) rat is a well
recognized model for post-menopausal osteoporosis. In this study we have
examined the effects of OVX and estrogen replacement in the OVX rat on
the renal handling of calcium in response to alterations in the calcium load
in the perfused rat. The interaction of estrogen administration and
parathyroid hormone (PTH) was also examined in the OVX, parathyroid-
ectomized (PTX) rat. Calcium or EDTA was infused into sham or OVX
rats to obtain a range of filtered calcium loads. The excretion of calcium,
was compared to the filtered load for the data from both perfusions
indicating a lower calcium (P = 0.006) and sodium (P = 0.009) excretion
in the OVX rat. A similar result was seen in the OVX rat replaced with 20
j.rg of estrogen valcrate 48 and 24 hours prior to perfusion with calcium
excretion being greater with estrogen administration (P = 0.005) com-
pared to vehicle alone. This was not observed in the parathyroidectomized
rat. Correlations between sodium and water reabsorption and calcium and
sodium reabsorption during perfusion indicate that the results of OVX
were due primarily to proximal tubule effects. Prior to the perfusion
experiment PTH (sham vs. OVX pmol/liter, mean so; 20 6 vs. 18
4) and calcitriol (128 85 vs. 97 74) were similar in both groups,
indicating that the results were not dependent on calcitropic hormone
effects. It is concluded that, in the perfused rat, OVX results in decreased
excretion of calcium and sodium as a result of estrogen effects on the renal
proximal tubule, an effect dependent on PTH. This effect is opposite to
that found in postmenopausal women, perhaps due to the high filtered
load of calcium used in the experimental design and species differences in
the relative importance of proximal versus distal calcium handling.
Bone loss at the menopause is a major factor in the develop-
ment of osteoporosis and fracture in women. Estrogen must
therefore play a central role in calcium homeostasis in women [ii.
We have used the calcium perfused, estrogen replaced, ovariec-
tomized (OVX) rat to examine the effect of estrogen administra-
tion on the renal handling of calcium. The OVX rat is now
established as the best recognized animal model of post-meno-
pausal osteoporosis at the level of hone mass, histology and cell
biology [2—4]. We have recently reported similarities in the OVX
rat model to the female menopause with regard to whole body
calcium balance and the renal excretion of calcium {5J.
In this study, we further tested the hypothesis that estrogen
regulates renal calcium excretion in the rat. The effect of ovarian
hormone deficiency as a result of OVX on renal calcium excretion
was tested by comparing the effect of calcium perfusion in the
OVX rat with the sham operated rat. Ovarian hormone effects on
renal calcium excretion at reduced calcium loads was examined by
comparing the OVX rat with the sham operated rat where calcium
levels were decreased by perfusion with ethelendiamineteracetic
acid (EDTA). In order to determine if OVX effects were the
result of estrogen deficiency, the effect of estrogen replacement to
the OVX rat on renal calcium handling was examined by com-
paring the OVX, estrogen replaced rat with the non-estrogen
replaced OVX rat. The effect of the important calcitropic hor-
mone, parathyroid hormone (PTH), on estrogen effects was
examined by repeating the third estrogen replacement experiment
in the parathyroidectomized (PTX) rat. By comparing filtered
loads versus urine excretion of calcium, it was possible to deter-
mine the effect of estrogen on the reabsorption of calcium in these
experiments and examine the importance of PTH on this effect.
Methods
Experimental procedure
All experiments were performed using six-month-old Sprague-
Dawley rats that were obtained from the Animal Resources
Centre (Murdoch, Western Australia) and kept under 12 hour
light-dark cycles. Ovariectomy and sham operations were per-
formed under ether anesthesia. The sham operation was per-
formed by exteriorizing the ovaries briefly. Successful ovariectomy
was determined at the end of the experiment by examining the
uterus, which was markedly atrophied as a result of estrogen
deficiency. The rats were maintained on a natural diet containing
0.1% calcium and 0.3% phosphorus (Glen Forrest Stockfceders,
Glen Forrest, Western Australia), which was commenced one
week prior to the ovariectomy. They were pair fed 15 g of food a
day for the duration of the experiment. This was the maximum
quantity that could be fed which ensured complete food consump-
tion in a 24 hour period and was determined prior to this study in
a group of six rats of the same age. Water was available ad libitum.
The rat was fasted 48 hours prior to the experiment.
Experiment 1
At the commencement of the study the rats were randomly
Received for publication April 22, 1996
and in revised form January 25, 1997
Accepted for publication February 4, 1997
© 1997 by the International Society of Nephrology
assigned to a sham (N = 13) or ovariectomy group (N = 11). At
least six weeks after the ovariectomy the perfusion procedure was
performed in a similar manner to a previously described method
[6]. The rat was anesthetized with barbiturate (Nembutal) anes-
thesia and placed in a heated cabinet thermostatically controlled
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Table 1. Changes in water balance parameters and GFR over the duration of the perfusion
Group
Time
Baseline 30 mm 60 mm 90 mm 120 mm
Experiment 1
Urine volume mlb Sham
OOX
0.64 0.21
0.48 0.10
0.89 0.30
1.00 0.45
1.46 0.33
1.44 0.46
1.56 0.48
1.19 0.30
1.16 0.31
1.03 0.41
Fractional water reabsorption %" Sham
OOX
98.8 0.3
99.1 0.2
98.5 0.4
98.6 0.5
97.8 0.5
97.9 1.1
97.4 0.6
97.8 0.7
97.6 0.9
97.8 0.9
Net fluid balance mlh Sham
OOX
1.2 0.2
1.3 0.1
0.5 0.3
0.4 0.4
0.0 0.1
0.0 0.4
—0.2 0.4
0.2 0.3
0.2 0.3
0.4 0.4
GFR mi/mm Sham
OOX
1.72 0.52
1.64 0.53
1.99 0.69
2.05 0.81
2.21 0.57
2.25 0.85
1.90 0.20
1.74 0.88
1.73 0.16
1.93 0.61
Experiment 2
Urine volume ml" Sham
OOX
0.47 0.16
0.43 0.17
0.72 0.39
0.76 0.25
1.21 0.57
0.90 0.31
1.25 0.35
1.06 0.74
1.26 0.62
1.18 0.88
Fractional water reabsorption %° Sham
OOX
98.2 1.3
98.5 0.5
97.4 1.3
97.3 1.3
97.1 1.6
96.6 1.6
96.9 1.1
96.4 0.88
97.1 0.6
95.9 1.6
Net fluid balance ml" Sham
OOX
0.6 0.6
1.3 0.2
1.4 0.2
0.7 0.4
0.6 0.2
0.2 0.6
0.5 0.3
0.2 0.3
0.1 0.6
0.2 0.4
GFR mi/mm Sham
OOX
1.69 0.86
1.95 0.78
1.75 0.75
2.31 1.05
1.95 0.75
1.72 0.61
1.71 0.52
1.71 1.00
1.67 0.66
2.01 1.63
Experiment 3
Urine volume mi/30 min' Control
Estrogen
0.51 0.25
0.58 0.24
0.76 0.49
1.18 0.55
0.82 0.53
1.91 1.16
0.97 0.68
1.10 0.32
0.94 0.36
1.10 0.40
Fractional reabsorption of water %" Control
Estrogen
98.2 1.3
98.5 0.5
97.4 1.3
97.3 1.3
97.1 1.6
96.6 1.6
96.9 1.1
96.4 0.88
97.1 0.6
95.9 1.6
Net fluid balance ml/30 min" Control
Estrogen
1.29 0.26
1.10 0.27
0.68 0.45
0.04 0.75
0.61 0.48
—0.12 0.96
0.53 0.66
0.08 0.44
0.60 0.47
0.27 0.36
GFR mi/mm Control
Estrogen
1.27 0.68
1.58 0.42
1.16 0.73
1.65 0.34
1.05 0.60
1.45 0.24
0.96 0.47
1.26 0.42
0.91 0.54
0.98 0.37
Experiment 4
Urine volume mi/30 mm Control
Estrogen
1.15 0.48
0.84 0.52
1.24 0.89
0.81 0.53
0.98 0.45
0.92 0.40
0.70 0.26
0.50 0.40
1.00 0.75
0.66 0.33
Fractional reabsorption of water % Control
Estrogen
96.8 2.5
97.4 1.9
96.0 2.2
97.3 1.2
96.0 2.3
96.8 1.0
96.4 1.2
96.9 0.7
96.6 2.3
96.5 1.2
Net fluid balance mi/30 mm Control
Estrogen
0.65 0.48
0.96 0.51
0.16 0.89
0.59 0.53
0.42 0.45
0.48 0.40
0.70 0.28
0.68 0.28
0.40 0.75
0.72 0.33
GFR mi/mm' Control
Estrogen
1.52 0.75
1.19 0.42
0.98 0.17
0.93 0.22
0.92 0.32
1.00 0.39
0.86 0.50
0.56 0.39
0.97 0.26
0.67 0.27
Experiment 1: Rats were 6 weeks post-ovariectomy (N = 6) or sham operation (N = 5) and perfused with calcium chloride.
Experiment 2: Rats were 6 weeks post-ovariectomy (N = 7) or sham operation (N = 6) and perfused with EDTA.
Experiment 3: Rats were parathyroid intact and OVX for 6 weeks and were treated with 20 jrg estrogen 48 and 24 hours prior to perfusion (N = 7)
or with vehicle alone (N = 6) and perfused with calcium chloride.
Experiment 4: Rats were OVX for 6 weeks and PTX 4 days prior to perfusion. They were treated with 20 jig estrogen 48 and 24 hours prior to
perfusion (N = 6) or with vehicle alone (N = 6).
Statistical results are group and time differences by ANOVA. Results are mean SD.
Time effect, P < 0.02, "P < 0.001, Group effect P < 0.02
to 37°C. Catheters were placed in the carotid artery for blood
sampling and the jugular vein for perfusion and the bladder was
exteriorized and catheterized for urine collection; 2.5 j.tCi 3H
inulin (Amersham, Bucks, UK) was administered via the jugular
catheter. Haemaccel (Hoechst Australia Ltd, Victoria, Australia)
containing 3H inulin (0.05 jiCi/ml) was perfused at a rate of 100
,il/min for the duration of the experiment. A baseline blood
sample and a 30-minute urine sample was then collected and the
ionized calcium level measured on a ICA 1 ionized calcium
analyzer (Radiometer, Copenhagen, Denmark). Calcium chloride
(100 mmol/liter; sham N = 6, OVX N = 5) was administered into
the perfusion line from a syringe attached to the perfusion line via
a three-way stop cock so as to raise the ionized calcium level by 0.2
mmol/liter from the baseline measurement. Blood samples were
collected every 15 minutes and CaCI2 was administered as re-
quired to maintain the ionized calcium 0.2 mmol/liter above the
baseline measurement. Urine samples were collected for 30
minute periods.
Experiment 2
Experiment 2 was conducted in the same way as experiment 1
except that EDTA (85 mmol/liter; sham N = 7, OVX N = 6) was
added in order to lower the ionized calcium by 0.2 mmol/liter and
EDTA administered as required over the duration of the exper-
iment to maintain this difference from the baseline measurement.
The perfusion continued for two hours after the baseline mea-
surement.
Experiment 3
Thirteen six-month-old Sprague-Dawley rats were obtained and
fed as for experiment I and were all OVX. Six weeks after OVX
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Fig. 1. The effect of a calcium or EDTA perfusion on dialyzable calcium in
a sham compared to a OVX group of rats. Results are mean SEM. Symbols
are: 0 (N = 13), ovariectomy; S (N = 11), sham.
they were administered either with 20 j.tg estradiol valerate
(Schering, New South Wales, Australia) dissolved in cotton seed
oil i.m. 48 and 24 hours prior to the perfusion (N = 7) or cotton
seed oil alone (N = 6). This dose of estradiol valerate was chosen
as it was the dose found to consistently result in reversal of the
uterine atrophy resulting from OVX. The perfusion was carried Out
in an identical manner to experiment 1 with calcium chloride only.
Experiment 4
Another 12 rats were treated as above but were PTX four days
prior to perfusion, following injection with vehicle (N = 6) or
estrogen (N = 6). A successful PTX was considered to be an
ionized calcium level of less than 1.1 mmol/liter measured imme-
diately prior to the perfusion procedure.
The above protocols allowed for the measurement of urine
calcium excretion over a range of filtered calcium loads, enabling
the investigation of an effect of OVX on urine calcium excretion
at a given filtered calcium load.
This study was carried out according to the Australian National
Health and Medical Research Council guidelines for animal
research and approved by the Animal Experimentation Ethics
Committee of the University of Western Australia.
Biochemical analyses
Plasma and urine calcium, chloride, sodium, albumin and total
protein were measured using routine methods (Chem 1 Techni-
con, Tariytown, NY, USA). Ionized calcium was measured using
a Radiometer ICAI instrument (Radiometer, Copenhagen, Den-
mark). 1,25 dihydroxyvitamin D (calcitriol) was measured using a
column extraction technique followed by assay using calf thymus
cytosol binding protein [71. The intra- and interassay coefficients
of variation were 14% and 20%, respectively). Intact rat parathy-
roid hormone (PTH) was measured using an immunoradiometric
method (Nichols Institute, San Clemente, CA, USA). Intra- and
interassay coefficients of variation are reported as 4.0% and 4.3%.
Calculations and statistics
Glomerular filtration rate was calculated as the renal clearance
of 3H inulin. Dialyzable calcium was calculated as protein bound
calcium subtracted from total calcium. The protein bound calcium
was calculated from the formula: protein bound calcium =
(0.02 x albumin + 0.00014 X globulin). The coefficients used in
this formula were derived from the relation between albumin and
globulin with protein bound calcium in a cohort of 182 human
subjects in which dialyzable calcium was measured by an autoana-
lyzer technique [81. Globulin levels were calculated as the differ-
ence between total protein and albumin. Urinary calcium and
sodium excretion was calculated as their ratio with urinary
creatinine and total excretion of these ions over the 30-minute
collection period was calculated by multiplying by the 30-minute
urine volume. The fractional reabsorption was calculated as 100 —
the ratio of excretion with filtered load. The calculated dialyzable
calcium was used as the filtered load of calcium. Net fluid balance
was calculated as the difference between volume infused and urine
produced and blood removed. Groups were derived from the
filtered loads of calcium and sodium, and these were plotted
against the total urinary excretion of these ions.
The data were analyzed statistically using the SPSS for Win-
dows statistical program. Differences in biochemical parameters
over the duration of the perfusion between the groups was
analyzed by two-way ANOVA entering time and group as inde-
pendent variables. Where excretion was compared to filtered load,
two-way ANOVA was used with the excreted ion as the depen-
dent variable. The effect of OVX (experiment 1) or estrogen
replacement (experiment 2) on correlations was examined by
linear stepwise regression. Correlations were performed by the
non-parametric Spearman method. APvalue of less than 0.05 was
considered significant by a two tailed test.
Results
Experiments 1 and 2
Prior to the perfusion experiment both PTH (sham vs. OVX
pmol/liter, mean so; 20 6 vs. 18 4) and calcitriol (128 85
vs. 97 74) were similar in the sham compared to the OVX rat.
Urine volume increased and fractional water reabsorption and net
fluid balance decreased in an equivalent amount between the
sham and OVX groups with both the calcium and EDTA perfu-
sion (Table 1).
The calcium perfusion resulted in an increase in ultrafilterable
calcium to approximately 2.5 mmol/liter and the EDTA perfusion
resulted in the ultrafilterable calcium falling to approximately 1.8
mmol/liter (Fig. 1). The calcium and EDTA perfusions resulted in
two superimposable curves of ultrafilterable calcium for the sham
and OVX groups (Fig. 1), indicating that the two groups received
a similar renal filtered calcium load.
Over the duration of the calcium perfusion, total calcium
excretion increased and fractional calcium reabsorption de-
creased, with lower total calcium excretion and higher fractional
calcium reabsorption being observed in the OVX group (Fig. 2).
Total calcium excretion decreased and fractional calcium reab-
sorption increased equivalently in both groups over the duration
of the EDTA perfusion (Fig. 3).
Total sodium excretion increased and fractional sodium reab-
soprtion decreased equivalently in both groups with calcium
perfusion (Fig. 2). With EDTA perfusion total sodium excretion.
3.00
2.60
2.20
EDTA perfusion Calcium perfusion
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increased and fractional sodium reabsorption decreased with a
higher sodium reabsorption being observed in the OVX group
(Fig. 3).
With calcium perfusion, fractional sodium reabsorption was
strongly correlated with fractional water reabsorption (r = 0.80,
P < 0.001) and fractional calcium reabsorption was correlated
with fractional sodium reabsorption (r = 0.75, P < 0.001). Similar
to the calcium perfusion, with EDTA perfusion fractional sodium
reabsorption was correlated with fractional water reabsorption
(r = 0.72, P < 0.001) and fractional calcium reabsorption was
correlated with fractional sodium reabsorption (r = 0.40, P =
0.001). These relationships were not influenced by whether or not
the rat was OVX or sham operated.
Urine calcium excretion was compared to the filtered calcium
load for data combined from both perfusions. This indicated that
the urine calcium excretion increased with the filtered calcium
load and urine calcium excretion was lower in the OVX rats (Fig.
4). A similar analysis showed that urine sodium excretion also
increased with the filtered load of sodium and was also lower in
the OVX rats (Fig. 4).
Experiments 3 and 4
Calcium was perfused in the estrogen-replaced OVX rat.
EDTA was not perfused in the estrogen-replaced OVX rat as
lowering dialyzable calcium in experiment 2 with EDTA did not
result in a difference between calcium excretion between the OVX
and sham groups. Fractional water reabsorption in the parathy-
roid intact rat decreased over the duration of the perfusion in an
equivalent manner in both the estrogen replaced and control
groups. Net water balance was significantly lower in the estrogen
replaced group, due to a greater production of urine during the
perfusion, an effect not observed in the PTX rat (Table 1). In the
parathyroid intact rat there was no statistically significant change
in GFR (Table 1) but in the PTX rat, GFR fell in both groups over
the duration of the perfusion (Table 1).
Calcium perfusion in the OVX, parathyroid intact, estrogen
replaced rat resulted in an increase in dialyzable calcium (Fig. 5)
that was similar between the estrogen replaced and deficient
groups. In the parathyroid intact rat, urine calcium excretion was
higher and the fractional calcium reabsorption was lower in the
estrogen treated group (Fig. 6), and comparison of urine calcium
excretion with the filtered calcium load indicated a higher urinary
calcium excretion with estrogen administration (Fig. 7). This
result was in accordance with the sham rat compared to OVX rat
result in experiments 1 and 2, indicating estrogen deficiency in the
OOX rat was the cause of the observed decrease in renal calcium
excretion.
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Fig. 2. Changes in urine calcium (A, B) and sodium (C, D) parameters over the duration of the calcium peifusion in experiment 1. Rats were six weeks post
ovariectomy (0; N = 6) or sham operation (•; N = 5). Results are mean 5EM. Time effect (A - D), P < 0.0001; group effect, (A) P < 0.05, (B) P <
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Fig. 3. Changes in urine calcium (A, B) and sodium parameters (C, D) over the duration of the EDTA perJi.sion in experiment 2. Rats were six weeks post
ovariectomy (0; N = 7) or sham operation (S; N = 6). Results are mean SEM. Time effect: (C) P < 0.02; (D) P < 0.001; group effect (D) P < 0.05.
Statistical results are group and time differences by ANOVA.
In the PTX, OVX, estrogen replaced rat, calcium perfusion
resulted in an increase in dialyzable calcium that was higher in the
estrogen replaced group over the perfusion (Fig. 5). Although the
dialyzable calcium levels were higher during perfusion in the
estrogen group in the PTX rat, the higher urine calcium excretion
and the decrease in fractional calcium reabsorption and increase
in calcium excretion per fractional load induced by estrogen
observed in the parathyroid intact rat was not observed in the
PTX rat (Fig. 7).
Total sodium excretion in the parathyroid intact rat was higher
with estrogen administration (Fig. 6), a difference not observed in
the PTX experiment (Fig. 8). Fractional sodium reabsorption fell
with perfusion in both the OVX and the estrogen groups in the
parathyroid intact (Fig. 6), but not the PTX rat (Fig. 8).
Fractional sodium reabsorption was correlated with fractional
water reabsorption in the parathyroid intact rat (r = 0.91, P <
0.001) and the PTX rat (r = 0.78, P < 0.001). Fractional calcium
reabsorption was correlated with fractional sodium reabsorption
in the parathyroid intact rat (r =0.76, P < 0.001) and the PTX rat
(r = 0.59, P < 0.001). These relationships were not influenced by
estrogen treatment.
Discussion
The kidney is an important site for the regulation of calcium
homeostasis, but few data exist on the estrogen regulatory effects
on renal calcium handling. It is conceivable that the kidney is a
potential site for estrogen action, due to the presence of func-
tional estrogen receptors in the rat kidney [9], which have been
shown in autoradiographic studies to be located in the renal
cortex, primarily in the Si and S2 proximal subsegments and to a
lesser degree in distal tubule and collecting duct [10]. This study
was undertaken in order to determine the effect of ovarian
hormone deficiency, in particular estrogen deficiency, resulting
from OVX on the renal handling of calcium. The results obtained
indicate that OVX in the rat resulted in an increased ability to
reabsorb calcium at a given filtered load. That this effect was due
to estrogen was confirmed in the second experiment where
estrogen replacement in the OVX rat resulted in an increase in
urine calcium excretion. This was highly likely to be a direct effect
of estrogen as the major calcitropic hormones, PTH and calcitriol
were not different between sham and OVX rats prior to the
perfusion. We were not able to measure the PTH response to
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Fig. 4. 4 Effect of ovariectomy on the relationship between the filtered load
of calcium and urine calcium excretion. Data are from calcium and EDTA
perfusions. B. Effect of ovariectomy on the relationship between the
filtered load of sodium and urine sodium excretion. Data are from calcium
and EDTA perlusions. Results are mean SEM. Statistical results are
group and time differences by ANOVA. Symbols are: (•) sham operation;
(0) ovariectomy. Group effect, p < oat.
ATPase (Na K' -ATPase) activity and reduced "regulatory vol-
,,ume decrease as a result of reduced extrusion of osmotically
active solutes [12]. Estrogen inhibition of Na,K-ATPase has
also been shown in the rat ileum [13] and in the rat proximal
tubule [14]. A close relationship exists between the excretion of
changes in ionized calcium in this study, but in the human there is calcium and sodium [15—18]. Stimulation of urinary sodium
evidence that estrogen administration does not have an effect on excretion by volume expansion results in a close relationship
PTH secretion in response to changes in ionized calcium concen- between the increase in the fractional excretion of watcr and the
trations [11]. PTI-1, however, was an important modulator of the decrease in the fractional reabsorption of sodium in the proximal
observed estrogen effect as PTX resulted in the abolition of the tubule [15], indicating that volume expansion is associated with
effect of estrogen administration to increase urine calcium excre- increased sodium and calcium excretion in the proximal tubule,
tion. the segment of the nephron associated with approximately 70% of
Estrogen is recognized as having important effects on renal calcium reabsorption [19]. As a result of the relationship between
sodium and water excretion. Estrogen administration to cultured sodium and calcium reabsorption in the renal proximal tubule, it
rat astrocytes is associated with reduced sodium potassium is likely that an estrogen effect on sodium transport may also affect
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the reabsorption of calcium. In the present study there was a
strong correlation between sodium reabsorption and calcium
reabsorption and sodium reabsorption and water reabsorption in
both the intact and PTX rat that has previously been described in
the proximal tubule [15]. This suggests that the effect of estrogen
deficiency as a result of OVX and estrogen replacement seen on
renal calcium handling is largely attributable to effects on the
proximal tubule, where calcium transport is predominantly para-
cellular and coupled to sodium and fluid transport, in contrast to
the distal nephron where calcium is predominantly transcellular
[20].
It is important to consider whether the effects of estrogen on
calcium excretion occur as a result of the action of estrogen on the
renin-angiotensin-aldosterone (RAA) system and the arginine
vasopressin (AVP) system. An indirect effect of estrogen via these
mechanisms is not likely in this present study as a result of a
number of observations. Firstly, although estrogen effects on
increased sodium retention and increased plasma volume in a
number of species have been implicated in pregnancy [21] estro-
gen administration alone does not cause increases in aldosterone
levels [22] or AVP levels [23] except in large doses [24]. Secondly,
the results obtained in this study of an increase in sodium
excretion in the estrogen replete state are opposite to the sodium
conservation observed in the pregnant state as the result of a
stimulatory effect on the RAA system and are, in contrast, similar
to the direct effect of estrogen observed in the perfused rabbit
kidney to increase sodium and urine excretion [251. Thirdly, in the
present study, no estrogen effect was seen on the fractional
reabsorption of water, although urine production was higher with
estrogen in the parathyroid intact rat, an effect opposite to a water
and sodium retaining effect. Finally, no difference exists in fasting
urine sodium excretion in the OVX compared to the sham
operated rat [51.
A possible explanation as to why the effect of estrogen to
A8-
6-
4
2
E
0
E
C0
a)
C)
><
a)
E
0
(a0
a)C
D
B
100
0
(ao 98
0
C0
'a 96'
0
U)
94,
CuC0 0'
U-0 30 60 90 120
Time, minutes
0 30 60 90 120
D. C o..E 300
1 E
£: ,
' 250 0Cl)
.2 1 .2200 c
' 1501o I 0I U)
100 Cu
S..a)
501
Cl) 0
a) I
.
0J, 0
D U-
99
98
97
96
0 30 60 90 120
Time, minutes
0 30 60 90 120
Time, minutes
Fig. 6. Changes in urine calcium (A, B) and sodium (C, D) parameters over the duration of the calcium perfusion in experiment 3. Rats were parathyroid
intact and OVX for six weeks and were treated with 20 tg estrogen 48 and 24 hours prior to perfusion (N = 7) or with vehicle alone (N = 6). Results are
mean SEM. Statistical results are group and time differences by ANOVA. Symbols in A are: (O) estrogen deficient, parathyroid intact; (•) estrogen
replete, parathyroid intact. Time effect P < 0.02; group effect, P < 0.001. Symbols in B are: () estrogen deficient, parathyroid intact; (•) estrogen
replete, parathyroid intact. Group effect, P < 0.02. Symbols in C are: () estrogen deficient, parathyroid intact; (+) estrogen replete, parathyroid intact.
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estrogen replaced, parathyroid intact, ovariectomized rat. Symbols are: (0)
E2 deficient; (•) E2 replete. B. Calcium excretion compared to filtered
calcium load in the oestrogen replaced, parathyroidectomized, Ovariecto-
mized rat. Symbols are: (A) PTX E2 deficient; (A) PTX E2 replete.
Results are mean SEM. Statistical results arc group and time differences
by ANOVA.
increase calcium excretion observed in the PTH intact rat was riot
seen in the PTX rat could be explained by the different effects of
PTH on proximal and distal tubular calcium reabsorption. PTH
acts to increase calcium reabsorption in the distal tubule [26] by
regulation of the Na'-Ca2 exchanger [27], a mechanism that
does not exist in the proximal tubule [28]. However, in the
proximal tubule, PTH acts to decrease calcium, sodium and
phosphorus reabsorption [15], possibly as a result of PTH action
to reduce sodium potassium ATPase (Na,K-ATPase) activity
in the proximal tubule [29]. This phenomenon has been reported
with PTH infusion in the human where an acute effect to decrease
renal calcium reabsorption was attributed to a proximal tubular
effect as a result of an acute effect of PTH to decrease sodium
reabsorption [30]. Paracellular calcium transport, the principal
reabsorption process in the proximal tubule, is driven by a positive
potential difference in the lumen as a result of chloride reabsorp-
tion, which in turn is dependent on Na,K -ATPase activity [20].
Therefore, a reduction in renal Na,K-ATPase activity as a
result of estrogen action could result in a decrease in paracellular
calcium transport as a result of a decreased electrochemical
gradient. In the PTX rat there is a reduced proximal tubular load
of calcium and higher proximal tubular reabsorption of calcium as
a result of PTH deficiency [15]. Given that the effect of estrogen
to decrease calcium reabsorption observed in the perfused para-
thyroid intact rat is probably an effect on the proximal tubule, the
lower filtered calcium load and the higher calcium reabsorption in
the proximal tubule of the PTX rat as a result of PTH deficiency
could have rendered an effect of estrogen to decrease calcium
reabsorption relatively less important. This is further supported by
the results from the EDTA perfusion, where there was no
difference in calcium excretion between the sham and OVX
groups at these lower filtered calcium loads.
In the distal tubule of the PTX rat, there is a reduced calcium
reabsorption as a result of PTH deficiency [26]. Estrogen in-
creases calbindin D28k messenger RNA expression in the rat distal
tubule [31]. If this increased calbindin D25k messenger RNA
expression was associated with increased calbindin Dzsk protein
translation, as has been previoulsy reported with 1,25 dihydroxyvi-
tamin D stimulation of calbindin D28k mRNA and protein levels
[32], an increase in calcium reabsorption in the distal tubule may
result [33]. An effect of estrogen to increase calcium reabsorption
in the distal tubule may therefore become relatively more impor-
tant in the PTX rat. This could have resulted in a positive estrogen
effect on renal calcium reabsorption in the distal tubule becoming
relatively more important than a negative estrogen effect in the
proximal tubule, hence the different effects of estrogen between
parathyroid intact and PTX rats observed in this study. A specific
comparison of estrogen action on calcium transport in proximal
and distal tubules would be necessary to determine if this was
true.
In contrast to the results found in this study in the perfused
parathyroid intact rat, previous studies in the human have sug-
gested that the estrogen deficiency occurring at the menopause is
associated with a renal calcium loss that is due to a loss of a direct
effect of estrogen on the kidney to decrease renal calcium loss [34,
35]. It has been shown that this "renal calcium leak" is corrected
with estrogen replacement [30, 34, 36]. These results are different
from those of the present study in the rat. The difference may be
due to relatively greater importance of distal tubule effects in the
postmenopausal women or due to a relatively lower filtered
calcium load in the human experimental situation. Further study
of the effect of estrogen on the relationship between urine sodium
and calcium excretion should be undertaken in the human.
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